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Hollow mesoporous raspberry-like colloids with re-
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The fabrication, characterisation and controlled cargo
release of hollow mesoporous raspberry-like colloids
(HMRCs), which are assembled by utilising host-guest com-
plexation of cucurbit[8]uril (CB[8]) are described. CB[8] is
employed as a supramolecular linker to ‘stick’ the viologen
functionalised paramagnetic iron oxide nanoparticles onto
an azobenzene functionalised hollow mesoporous silica
core. The formed HMRCs are photoresponsive and can be
reversibly disassembled upon light irradiation, endowing
them with an ability to release loaded cargo under photo-
control. While the assembled HMRCs retain cargo inside
their cavity, disassembled particles with their iron oxide
nanoparticle ‘caps’ removed will release the loaded cargo
through the mesoporous shell of the hollow silica colloids.
A model system using a boronic acid derivative as the
cargo in the HMRCs and Alizarin Red salt as a sensor for
the released boronic acid is demonstrated.
Stimuli-responsive nanocontainers are an important class of
nanomaterials on account of their ability to precisely change
their physical or chemical properties in response to external trig-
gers and carry out controlled cargo release under specific condi-
tions.1–3 By retaining reactants or catalysts inside, these minia-
turized reaction vessels have great potential for improved con-
trol over chemical transformations by protecting reagents from
the surrounding environments and by releasing them from the
confined nanospace over a prolonged period of time.4–6 The im-
portance of hierarchical hybrid colloids as powerful platforms
for the construction of nanocontainers has been recognized by
a wide range of researchers.7–10 For example, yolk-shell nanos-
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tructures with a mesoporous silica shell encapsulating a gold
nanoparticle yolk were prepared and used as a nanocontainer
by Lu and coworkers.11 Metal oxide nanoparticles such as ZnO
and Fe3O4 are attached to the outer surface of mesoporous silica
as gatekeepers to obtain controlled release of loaded cargo.12,13
Over the past few years, different approaches for constructing hy-
brid colloids, which contain both organic and inorganic compo-
nents and exhibit an hierarchical structure, have been developed.
Several methods often utilized include the layer-by-layer assem-
bly, which involves depositing alternating layers of oppositely-
charged materials,14,15 while other approaches exploit covalent
interactions such as silane chemistry.16,17 Both of these routes,
however, do not often exhibit any intrinsic light-responsiveness,
resulting in the lack of photo-controlled activity in the nanocon-
tainers.18
Cucurbit[8]uril (CB[8]) is a macrocyclic host molecule, which
can simultaneously encapsulate two guest molecules (first and
second guests) inside its cavity, forming a stable heteroternary
complex.19,20 CB[8]-directed supramolecular chemistry has been
applied in the preparation of a wide range of dynamic hydro-
gels,21 supramolecular polymers,22–24 microcapsules,25,26 and
orthogonal switches.27 Recently, the host-guest interaction of
CB[8] was employed by our group to assemble photorespon-
sive hybrid raspberry-like colloids, which contain a larger silica
core and a corona of polymeric nanoparticles.28 However, the
potential application of these supramolecular hybrid colloids as
nanocontainers remains unexplored to date.29–31
Herein, we report a facile route to prepare hollow mesoporous
raspberry-like colloids (HMRCs), whereby CB[8] is utilized as a
supramolecular linker to assemble functional Fe3O4 nanoparti-
cles onto a hollow silica core as shown in Fig. 1. Moreover, the
photoresponsive nature of the heteroternary complex composed
of viologen (MV, first guest), azobenzene (Azo, second guest)
and CB[8] affords HMRC nanocontainers a light-controlled re-
lease profile. For the first time, the nanopores of hollow silica
colloids are reversibly capped with Fe3O4 nanoparticles through
photoresponsive supramolecular interactions, resulting in control
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Fig. 1 Schematic illustration of a light-controlled nanocontainer
composed of a hollow silica colloid as the core and Fe3O4 nanoparticles
as coronas. (A) HMRCs obtained through the formation of
(MV/trans-Azo)⊂CB[8] heteroternary complexes and the light-driven
reversible disassembly of the HMRCs. (B) A model reaction between
boronic acid and Alizarin Red S.
over the permeability of the porous silica shell in a remote man-
ner.
Monodispersed hollow mesoporous silica colloids were readily
prepared by coating a mesoporous silica shell on the polystyrene
latex template by the sol-gel method with the assistance of hex-
adecyltrimethylammonium bromide (CTAB) acting as mesopore
directing agent and subsequent dissolution of the polystyrene
cores.32–34 Azo-functionalized hollow mesoporous silica colloids
(Azo-silica) were prepared by the post-functionalization of the
preformed hollow mesoporous silica microspheres using a silane
coupling agent with an Azo derivative. The uniform morphology
of the Azo-silica colloids is confirmed by the TEM image as shown
in Fig. 2A, with a wall thickness of 25 nm. The average diame-
ter (DTEM) and average hydrodynamic diameter (Dh) of the Azo-
silica core obtained from TEM imaging and dynamic light scat-
tering (DLS) measurements are 330 nm (Fig. 2A) and 435 nm
(Fig. 2C), respectively. Fe3O4 nanoparticles were prepared by
Massart’s method,35,36 where two iron salts FeCl3 · 6H2O and
FeCl2 · 4H2O were co-precipitated in the presence of NH4OH.
Fig. 2 Preparation of Azo functionalized hollow mesoporous silica
colloids and MV functionalized Fe3O4 nanoparticles. TEM images of
(A) hollow mesoporous Azo-silica colloids and (B) MV-Fe3O4
nanoparticles. DLS results of (C) hollow mesoporous Azo-silica colloids
and (D) MV-Fe3O4 nanoparticles.
In order to obtain MV-functionalized Fe3O4 nanoparticles (MV-
Fe3O4), the preformed Fe3O4 nanoparticles were functionalized
with MV using a silane coupling agent. As shown in Fig. 2B and D,
the DTEM and Dh of the MV-Fe3O4 nanoparticles are 7 and 15 nm,
respectively.
Fig. 3 Formation of the HMRCs through CB[8]-directed self-assembly.
(A) TEM image of the HMRCs. (B) A zoom in image of an HMRC with
arrows indicating the shell of the hollow silica colloid. (C) SEM image of
the HMRCs cast onto a glass slide. (D) DLS result of the HMRCs
formed by the addition of 8 mL Azo-silica colloidal dispersion into 1 mL
MV-Fe3O4 nanoparticles/CB[8].
The HMRCs were then assembled by adding an aqueous dis-
persion of the Azo-silica colloids into an aqueous dispersion of
the MV-Fe3O4 nanoparticles together with CB[8], and sonicated
at room temperature for 5 min. As shown in the TEM im-
age in Fig. 3A, well-defined HMRCs with densely packed corona
nanoparticles on the surface of the core microsphere can be
clearly observed. A zoomed-in image (Fig. 3B) indicates the
25 nm wall of the hollow silica colloids is maintained during the
assembly of the raspberry-like structure. The uniform structure
of the HMRCs is confirmed by SEM imaging (Fig. 3C), where the
measured diameter of the HMRCs corresponds to the DTEM of
350 nm as calculated from Fig. 3A and B. It is noteworthy that
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in order to obtain HMRCs with well-defined structure, the ratio
between the Azo-silica colloids and the MV-Fe3O4 nanoparticles is
crucial.28 In order to optimize this ratio, a dispersion of Azo-silica
colloids (0.3 gL−1, [Azo] = 0.01 mM) was titrated into a solution
of MV-Fe3O4 nanoparticles (1 mL, 0.6 gL
−1, [MV] = 0.01 mM)
together with CB[8] (0.1 mM), and the assembly process was fol-
lowed by DLS. Upon the addition of Azo-silica colloids, a new
peak at 492 nm was observed, which corresponds to the forma-
tion of the HMRCs, while the peak at 15 nm represents the pres-
ence of free MV⊂CB[8]-Fe3O4 nanoparticles (Fig. 3D).
Fig. 4 The light-driven reversible assembly of the HMRCs. TEM images
of (A) the disassembled HMRCs and (B) reassembled HMRCs. DLS
results of (C) the disassembled HMRCs and (D) reassembled HMRCs.
The inset photos show the magnetic response of the suspensions of
disassembled HMRCs and reassembled HMRCs.
The reversible formation of the HMRCs is readily controlled
by UV light irradiation when Azo is employed as the second
guest for CB[8]. While trans-Azo can be encapsulated into the
cavity of CB[8] together with MV to form a heteroternary com-
plex of (MV/trans-Azo)⊂CB[8], cis-Azo is not capable of such
supramolecular complexation on account of its size.37–39 As a
result, the formed HMRCs disassemble under UV light irradiation
(350 nm, 10 min), which transforms trans-Azo to cis-Azo, disrupt-
ing the supramolecular linkage between the Azo-silica spheres
and the MV-Fe3O4 nanoparticles (Fig. 4A). This light-triggered
disassembly of the HMRCs was also confirmed by DLS (Fig. 4C),
where the peak for the HMRCs at 492 nm disappeared while
the peak for the Azo-silica colloids at 435 nm was observed
together with an increase in the peak intensity at 15 nm for
the MV⊂CB[8]-Fe3O4 nanoparticles. As the Azo-silica colloids
and the MV-Fe3O4 nanoparticles were not bond together at this
time, the Azo-silica colloidal solution showed no response to an
external magnetic field (
−→
B ), thus exhibiting a cloudy appear-
ance, whereas the paramagnetic MV-Fe3O4 nanoparticles orga-
nized themselves in the direction of the field (see inset image in
Fig. 4C).
This disassembly process can be readily reversed upon expo-
sure to visible light (420 nm, 10 min), which results in the cis to
trans isomerization of Azo derivatives and the simultaneous re-
assembly of the HMRCs as displayed in the TEM image in Fig. 4B.
DLS measurement (Fig. 4D) showed two peaks centered at 15 and
492 nm, which represent the size of the excess free MV⊂CB[8]-
Fe3O4 nanoparticles remaining in the solution and the size of
the reassembled HMRCs, respectively. No peak was observed at
435 nm for the free Azo-silica spheres, indicating the successful
reformation of the HMRCs. As all the Azo-silica colloids were
bond together with MV-Fe3O4 nanoparticles through host-guest
interactions of CB[8], the dispersion of the reassembled HMRCs
exhibited a response to an external magnetic field with all the
particles orienting themselves in the direction of the field, leaving
behind a clear solution (see inset image in Fig. 4D).
Fig. 5 Controllable permeability of the HMRCs induced by light
irradiation. (A) UV-vis traces of the AR solution (pH = 7.4) after different
cycles of the light-triggered release of BA. The dashed line shows the
UV-vis spectrum of the AR solution with the HMRCs immersed in for
36 h. Measurements were recorded after the removal of HMRCs.
(B) Kinetic plot of the BA release during UV and visible light irradiation
for 10 cycles. The inset images show the color change of the AR
solution before and after the release of BA from the HMRCs. Images
were taken after the removal of HMRCs.
Porous hollow silica spheres have been explored as nanocon-
tainers, but their poor dispersity in aqueous solution and lack of
responsivity retard their application. In order to obtain control
over the permeability of the porous shell of the hollow silica col-
loids as well as improve their dispersity in water, here MV-Fe3O4
nanoparticles are utilized to decorate the periphery of hollow sil-
ica spheres. Due to the presence of the densely packed nanoparti-
cles, which behave as ‘caps’, the nanochannels of the mesoporous
hollow silica colloids become blocked in the HMRCs, resulting in
a substantially lower permeability of the nanocontainer. On the
other hand, the disassembly of the HMRCs under UV light irra-
diation ‘opens the nanochannels’ by removing the nanoparticles
caps away from the porous hollow silica colloids, thus increasing
the permeability of the nanocontainer. The reversible assembly of
the HMRCs upon exposure to different light stimuli makes them
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useful as photoresponsive nanocontainers with controllable per-
meability.
Alizarin Red salt (AR) displays a dramatic change in fluo-
rescence color and intensity in response to complexation with
a boronic acid and can be employed as a general reporter for
studying the concentration of boronic acid in solution, both
quantitatively and qualitatively.40 Here the reaction between 3-
aminophenylboronic acid (BA) and AR is used to study the light-
controlled release profile of the HMRC nanocontainers, as shown
in Fig. 1B. In order to load BA molecules inside the cavity of
the HMRCs, mesoporous hollow silica colloids were immersed
in an aqueous solution of BA (10 mM) for 3 h and collected
by centrifuge before assembly with MV⊂CB[8]-Fe3O4 nanopar-
ticles. The BA-loaded HMRCs were incubated in a solution of AR
(7 × 10−5 M, pH adjusted to 7.4 with NaOH) for 20 min, and the
UV-vis spectrum of the solution was measured after the removal
of the HMRCs by centrifuge as shown in Fig. 5A (cycle 0). In order
to control the release of the loaded BA molecules, the dispersion
of the BA-loaded HMRCs was exposed to UV light (350 nm) for
10 min to disassemble the raspberry-like structure and ‘open up’
the nanochannels. The UV-vis spectrum was not recorded at this
point, as system with the nanochannels being open was not sta-
ble with large amount of noise. Subsequently, the HMRCs were
irradiated with visible light (420 nm) for 10 min to reassemble
the raspberry-like structure and ‘close’ the nanochannels, halting
the release of BA molecules. The UV-vis spectrum was recorded at
this point (cycle 1, Fig. 5A), as well as after incubating the HMRC
solution in the dark for 20 min. The spectrum taken after the
incubation in the dark is not shown as it did not changed at all
compared to the spectrum obtained prior incubation. Alternating
UV/visible light irradiation cycle was repeated 10 times, and the
UV-vis spectra were recorded after each cycle as shown in Fig. 5A.
Before complexing with BA, AR showed an absorbance peak at
517 nm in its UV-vis spectrum and exhibited a pink color. As AR
started to complex with the BA molecules in solution that were
released from the HMRC nanocontainers, AR exhibited a color
change, from pink to yellow (see inset images in Fig. 5B), with a
decrease in absorbance at 517 nm. Meanwhile, a new peak for
the AR/BA complex centered at 432 nm was observed together
with an isosbestic point at 461 nm, indicating that the AR and
AR/BA complex are related linearly by stoichiometry.
In order to study the release kinetics of BA molecules from
the HMRC nanocontainers, the absorbance of the AR solution
at 517 nm was plotted against irradiation time as shown in
Fig. 5B. An on-off release profile, which is controlled by alternat-
ing UV/visible light irradiation, can clearly be observed. While
the absorbance did not exhibit any decay during the 20 min time
intervals of incubation in the dark (OFF), it decreased upon irra-
diation with UV/visible light (ON) with a reduced gradient with
the revolution of time, suggesting the AR/BA complexation is ap-
proaching its equilibrium.
In conclusion, hollow mesoporous raspberry-like colloids (HM-
RCs) bearing hollow silica microspheres as the core and param-
agnetic Fe3O4 nanoparticles as the corona have been prepared
by utilizing host-guest complexation of CB[8] at their inter-
face. CB[8] was employed as supramolecular ‘glue’ to ‘stick’
together the viologen (MV) functionalized Fe3O4 nanoparticles
and the azobenzene (Azo) functionalized hollow silica colloids
by forming a heteroternary complex of (MV/trans-Azo)⊂CB[8].
Moreover, the formation of this raspberry-like structure is re-
versible upon UV light irradiation, resulting in the trans to cis
isomerization of Azo derivatives and the dissociation of the het-
eroternary complex. Most importantly, the HMRCs can be used
as nanocontainers with a light-controllable permeability. While
the nanochannels of the assembled HMRCs are ‘capped’ with the
Fe3O4 nanoparticles, they can be ‘opened’ by removing the Fe3O4
nanoparticles under UV irradiation, resulting in the release of the
loaded cargo. A model system using boronic acid (BA) as the
cargo in the HMRCs and Alizarin Red salt as a sensor for the BA
is shown here, suggesting a general application of the HMRCs as
photoresponsive nanocontainers.
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